Abstract. The successful application of the component-based approach -widely used to model structural jointsrequires knowledge of the mechanical properties of the constitutive joint components, including an appropriate assembly procedure to derive the joint properties. This paper presents a component-method model for a structural joint component that is located in the tension zone of blind-bolted connections to concrete-filled tubular steel profiles. The model relates to the response of blind-bolts with headed anchors under monotonic loading, and the blind-bolt is termed the "Extended Hollo-bolt". Experimental data is used to develop the model, with the data being collected in a manner such that constitutive models were characterised for the principal elements which contribute to the global deformability of the connector. The model, based on a system of spring elements, incorporates pre-load and deformation from various parts of the blind-bolt: (i) the internal bolt elongation, (ii) the connector's expanding sleeves element, and (iii) the connector's mechanical anchorage element. The characteristics of these elements are determined on the basis of piecewise functions, accounting for basic geometrical and mechanical properties such as the strength of the concrete applied to the tube, the connection clamping length, and the size and class of the blindbolt's internal bolt. An assembly process is then detailed to establish the model for the elastic and inelastic behaviour of the component. Comparisons of model predictions with experimental data show that the proposed model can predict with sufficient accuracy the response of the component. The model furthers the development of a full and detailed design method for an original connection technology.
Introduction
Traditional structural steelwork frames incorporate open sections (e.g. I-, or H-profiles) for both the beam and column members. Although many advantages are recognised from the combination of open profile beams connected to tubular profile columns (e.g. circular, square or rectangular profiles), tubular sections in steel construction are not utilised as extensively as they should be. For instance, due to their favourable geometric shape, tubular sections are inherently more efficient as compression members than any other structural steel section, and they are considerably more attractive from an architectural point of view (Wardenier, Packer et al. 2010) . The primary reasoning for their limited use is the complication in their relatively more complex connections with other members.
Modern advances in bolting technology have developed the so-called blind-bolt systems. The philosophy behind the technology is that a bolted connection can be established by having access to one side only of the connection, in contrast with conventional bolts which require access to both sides to facilitate tightening. The technology thus delivers a solution to the complex construction of connections to tubular profiles, providing an alternative to current fabrication methods which comprise some form of undesirable welding. A commercial example of blind-bolting technology is the Lindapter Hollo-bolt ® (HB) (Lindapter 2013a) shown in Fig. 1 (The Blind Bolt Company, UK) . Indeed, practical structural design procedures for connections using blind-bolts have been available for a number of years (British Steel 1997; SCI/BCSA 2002; SCI/BCSA 2011) , with the most recent guide (SCI/BCSA 2011) having been published in accordance with the present Eurocode 3 rules (CEN 2010a; CEN 2010b) and their accompanying National Annexes. However, their application is restricted to simple construction, which is for use in joints that are suitable for resisting shear loads and limited tensile loads arising from structural integrity requirements. This is because the available blind-bolts do not have sufficient stiffness, relative to that of the connecting beam to classify the connection as moment-resisting. Up to date, there actually is no bolted configuration for structural moment connections to tubular sections being applied in practice; consequently limiting the use of tubular profiles as columns in steel framed structures.
For this reason, on-going research at the University of Nottingham and other institutions (Gardner and Goldsworthy 1999; Gardner and Goldsworthy 2005; Yao, Goldsworthy et al. 2008; Elghazouli, Málaga-Chuquitaype et al. 2009; Wang, Han et al. 2009; Wang and Spencer Jr 2013) is aiming to devise and validate a bolted connection model for application in moment transmitting connections to tubular profiles. The research work at the University of Nottingham has identified a moment transmitting configuration (Fig. 2) , which makes use of modified Hollo-bolts -by extending its shank and attaching headed anchors, see Fig. 3 -hereafter termed Extended Hollobolts (EHBs). The proposed joint configuration is established in two stages: the endplate connections are first constructed, and then concrete is applied to the tube; noting that the clearance bolt holes allow for the EHB to be inserted as a whole prior to tightening. The concrete infill and the headed anchors are applied for two principal structural purposes: 1) to stiffen the otherwise flexible tube walls, and 2) to increase the stiffness and strength of the blind-bolt system. The latter is achieved via the development of mechanical anchorage that prevents premature bolt pull-out.
The performance of this innovative blind-bolting system has been studied under both monotonic (Tizani, Al-Mughairi et al. 2013a ) and quasi-static cyclic (Tizani et al. 2013b) loading by means of full-scale moment connection tests. In accordance with the connection classification system that is outlined in Eurocode 3 (CEN 2010b), the connections were found to mostly exhibit semi-rigid behaviour for the relatively stiff connecting beam used, with none having performed as a nominal pin. And further analysis of the moment-rotation data illustrated that in the case of using an extended endplate configuration, the connection can achieve rigid behaviour in braced frames (Tizani et al. 2013a) . When subjected to cyclic loading in accordance with the ECCS procedures (ECCS 1986) , the proposed technology has demonstrated a high energy dissipation and ductility ratio, allowing for its use in moment-resisting frames that are designed for high ductility class in high seismic zones (Tizani et al. 2013b) . But testing merely the behaviour of structural connections cannot be considered a design tool.
Existing guidance for the design of steel and composite joints is published in the format of the so-called component method (CEN 2010b) ; a method which is widely recognized now as a general procedure for joint characterization in the scientific community and in the European design codes.
Having identified the basic joint components that contribute to the rotational stiffness of the innovative connection technology considered herein, it is established that the extension of the component method is limited. This is due to insufficient knowledge of the behaviour of two basic components within its tension zone: 1) the "bolt in tension" and 2) the "column flange in bending" components, designated X and Y in Fig. 4 , respectively.
The focus of this paper is to provide a component method model for the monotonic behaviour of the original "bolt (Extended Hollo-bolt) in tension" joint component. It commences with a brief description of the experimental programme that contributed towards the development of the proposed model, focusing in particular on the characterization of the unknown mechanical properties of the connector's constituent parts. Then, the methodology adopted to assemble the constituent parts is detailed, including the underlying modelling assumptions. For validation purposes, the component model predictions are compared with full bolt experimental data, alongside prediction bands for the range of parameters that were covered in the testing. The remainder of the paper concentrates on the ductility of the component, classifying its response to tension loads, and in conclusion it highlights the accuracy of the proposed model.
Experimental programme
An extensive experimental programme was performed by Pitrakkos and Tizani (2013) to collect sufficient component characteristic data that will allow for the development of a simplified, adaptable model for the innovative Extended Hollo-bolt in tension. The collected data is used in this paper for component model development and validation purposes. This section gives a brief summary of the experimental study that comprised 45 pull-out and 20 pre-load tests. Table 1 summarizes the matrix for the pull-out test series, with each tested type of fastener or element being schematically shown in Fig. 5 . All specimens were tested under monotonic loading conditions. The objectives of the programme were to determine the full non-linear inelastic forcedisplacement curve of type EHB, including that of its individual elements. The constituent elements of the EHB component are demonstrated in Fig. 3 . These include: (i) a bolt pre-load (clamping force), (ii) internal bolt elongation, (iii) expanding sleeves, and (iv) a mechanical anchorage element. Type HB involves the standard Hollo-bolt (concrete-filled) whose response is considered to simulate the expanding sleeves element of the EHB component (designated 2 in Fig.  3 ). Type M involves a standard fully threaded bolt, which is embedded in confined concrete, with an end-anchor head that is identical with that attached to the EHB. This type is assumed to represent the mechanical anchorage element of the EHB component (designated 3 in Fig. 3 ). Type EHB was tested to characterise the global deformability curve of the complete component. The programme varied: the diameter of the internal bolt, d b (16 and 20 mm); the class (grade) of the bolt (8.8 and 10.9); the grade of the concrete infill (C40 and C60); and the embedded depth of the component's mechanical anchorage, d emb (from 4.0 to 6.5d b ), where d emb is defined as the length measured from the bearing face of the end anchor head to the surface level of the concrete member (Fig. 5) .
The single bolt pull-out test setup is shown in Fig. 6 . A rigid plate (20 mm thick) was employed at the loaded end of the setup to eliminate bending under the anticipated loading, replicating the classic mode 3 of the T-stub model in tension (CEN 2010b) . To distinguish between the sources of deformation, two independent measurement techniques monitored displacement at the loaded and unloaded end of each test bolt; with two techniques being employed to increase testing reliability.
The loaded end displacement equates with the global displacement of the test bolt (hereafter denoted as δ global ), and the unloaded end displacement equates with the slip of the test bolt (hereafter denoted as δ slip ). Global displacement was measured by positioning a linear potentiometer and a remote video gauge camera target directly onto the head of each test bolt. Likewise, targets were attached to the unloaded end of the test bolts to allow for the measurement of slip. These particular local areas were monitored for two reasons: 1) to quantify the elongation of the internal bolt for the full component, and 2) to determine the actual slip of the component's expanding sleeves and mechanical anchorage elements. Because the difference in magnitude between the loaded and unloaded end displacement is attributed to the elongation of the internal bolt (hereafter denoted as δ b ), the internal bolt elongation element for type EHB (designated 1 in Fig. 3 ) can be calculated by subtracting the experimentally measured δ slip from δ global . Having established the force-slip relationship of types HB and M, these can then be used to describe the other two elements of the full component, designated 2 and 3 in Fig. 3 , respectively.
The final constituent element is the pre-loading condition of the Extended Hollo-bolt, whose magnitude is identical to that of the standard Hollo-bolt. Despite the availability of design rules for connections using the HB, there is a scarce of models and information on this condition. And on the basis of experimental evidence for conventional bolting systems, this condition is known to relax with time from the stage at which bolts are first tightened (Bickford 2008) . Therefore, in order to quantify this level of pre-load and its corresponding relaxation, a series of pre-load tests was also performed by Pitrakkos and Tizani (2013) , which were prepared in conjunction with the parameters involved in the pull-out tests. For consistency, the same tightening torque and clamping thickness (designated W in Fig. 5 ) applied to the equivalent pre-load specimens. The matrix varied the class (8.8 and 10.9) and size (d b = 16 and 20 mm) of the internal bolt, including different bolt batches, and the pre-load condition was monitored over a sustained period of time (5 days), allowing for bolt relaxation to occur.
The results obtained from the above described pull-out and pre-load tests are used in the analysis of the following section, where idealised models are developed to simulate the constituent elements of the Extended Hollo-bolt connector. More details regarding the experimental programme can be found in Pitrakkos (2012) and in Pitrakkos and Tizani (2013) .
Model development
The load transfer mechanism of the Extended Hollo-bolt is rather complex, involving several sources of deformation. To model its tensile response, this paper considers: (i) bolt pre-load, (ii) the elongation of its internal bolt shank, (iii) the slip of its expanding sleeves element, and (iv) the slip of its mechanical anchorage element. The flexibility of each of these elements is considered exclusively, and the interaction among them is endorsed by the assembly of the proposed component method model.
Element 1 -internal bolt model (k b )
The idealized, semi-empirical model that is proposed to represent the force-bolt elongation (F-δ b ) behaviour for the internal bolt that is within the EHB system is shown in Fig. 7 . It incorporates bolt pre-load together with elastic and inelastic limit ratios to describe the behaviour of the element under monotonic loading. The numerical values in each segment have a physical meaning, and were determined based on experimental data and statistical evaluations (Pitrakkos 2012) . The model distinguishes between the two primary bolt classes that are generally used in the construction of structural steelwork connections, with that relating to bolts of class 8.8 and class 10.9 shown in Fig. 7 (a) and (b), respectively. The proposed model is comprised of four linear segments. The first segment models the bolt before its pre-load is overcome, the second segment models the bolt during the linear-elastic portion of its response, the third segment models the bolt after initial yielding has started, and the fourth segment represents the bolt after it has reached a plastic state.
The initial force level (i.e. 0.15F u for class 8.8 and 0.25F u for class 10.9, where F u is the ultimate strength) equates with the level of pre-load that is induced into the internal bolt of the EHB. These force levels were determined on the basis of experimental pre-load test data, using the mean residual pre-load measurements (i.e. after relaxation) that were normalised relative to the actual ultimate strength of the internal bolts. The actual ultimate strength of the bolts is based on standard material property tests that were done on machined bolts of the same batch with those used in the pre-load tests; prepared in accordance with BS EN ISO 898-1:2009 (BSI 2009 ). Further details regarding this pre-load test data and the corresponding analysis can be found in Pitrakkos and Tizani (2013) .
When considering the non-linear inelastic behaviour of bolts or bolted joints, it is necessary to know when the elastic limit of the bolt has been reached. Manufacturer test certificates and relevant design codes do specify an elastic limit in accordance with the mechanical properties of bolts. However they simply report or specify a nominal yield and ultimate strength which leads to an elastic-perfectly plastic material model. Depending on the level of sophistication required this may or may not suffice. Since the non-linear inelastic behaviour of the EHB component is being considered, it is required to capture its post-limit and ultimate behaviour with considerable accuracy.
The test data obtained from repeated material property tests done on machined bolts is used to establish the force levels that distinguish between elastic and inelastic behaviour. Herein, the elastic limit of the internal bolt that is used in the EHB is defined as the stress at 0.2% offset strain (BSI 2009) . By dividing the measured elastic limit (f yb ) by the bolt's ultimate strength (f ub ), a ratio can be defined and used to predict the onset of inelastic behaviour. The resulting ratios of f yb to f ub are summarized in Table 2 , alongside descriptive statistics. The mean ratio obtained from the tension tests is 0.883 with a standard deviation of 0.030 for class 8.8 bolts, and the mean ratio for class 10.9 bolts is determined at 0.952 with a standard deviation of 0.005. Eurocode 3 (CEN 2010b) recommends ratios of 0.80 for class 8.8 bolts and 0.90 for class 10.9 bolts for f yb /f ub . For the sake of simplicity, a limit of 85% of the tensile capacity is used for the onset of inelastic behaviour for bolts of class 8.8 whereas a limit of 90% is used for bolts of class 10.9. Regarding the ultimate force level, because experimental evidence indicated that the ultimate capacity of type EHB is restricted to the ultimate strength of its internal bolt (Pitrakkos and Tizani 2013) , for notation purposes, the resistance of the internal bolt element model is intentionally denoted by F u , hereafter defined as the ultimate capacity of the full EHB component.
With respect to stiffness, until the pre-load in the bolts is overcome (segment 1), they are assumed to be infinitely rigid (where the value of 1000k x e was deemed a sufficiently high stiffness). Thereafter, the linear-elastic bolt stiffness k x e governs the response, from the pre-load force until first yield (segment 2), at which point the elastic stiffness is reduced by 95% for class 8.8 and by 90% for class 10.9 bolts (segment 3). Finally, the plastic portion of the bolt's response (segment 4) is modelled by assuming a stiffness of 1% (for class 8.8) and of 1.5% (for class 10.9) of the elastic stiffness. The post-limit stiffness coefficient used to calculate k x p in segment 3, and the ultimate stiffness coefficient used to calculate k x u in the plastic portion were determined by trial and error curve fits of the experimental data.
The elastic stiffness of the bolt, k x e is calculated as recommended in Barron (1998) on the basis of the familiar form k=EA/L for the stiffness of an axially loaded member with uniform cross section, where E b is the bolt's Young's Modulus of elasticity, A s is the bolt's tensile stress area, and L b is the effective length (or bolt elongation length). Assuming that the average stress level in the head of the bolt is one-half the body stress, the effective length for the internal bolt of type EHB can be determined as schematically shown in Fig. 8 and mathematically expressed in the form of Eq. (1), where W is the clamping thickness, t bh is the thickness of the hexagon bolt head (BSI 2001) , H is the thickness of the collar of the HB (or EHB) blind-bolt, and t HBc is the depth of the HB (or EHB) cone (Lindapter 2013).
To evaluate the proposed (tetra-linear) internal bolt model, bolt model predictions are compared in Fig. 9 with the experimental (type EHB pull-out) F-δ b relationship , which has been determined as outlined in Section 2, and regression analysis is used to quantify the goodness of fit for the model; reported by R 2 values, the coefficient of determination. Fig. 9 evaluates element models relating to M16 (class 8.8/10.9) and M20 (class 8.8) internal bolts, where actual bolt properties -according to bolt batch in Pitrakkos and Tizani (2013) -have been used in the calculation of the models. It is found that the proposed model for element 1 represents with sufficient accuracy the elongation of the bolt over the assumed effective length, L b , capturing the key characteristics of the element, with R 2 values close to 1 indicating the good fit for the model.
Element 2 -expanding sleeves model (k HB )
The idealized, empirical model that is proposed to represent the behaviour of the expanding sleeves element is summarized in Table 3 (a), which is determined in conjunction with the notation chart in Fig. 10 . The F-δ slip element model has tri-linear characteristics, where k x e denotes the initial stiffness of the element, k norm e denotes the normalized initial stiffness of the element, µ p and µ u are the strain hardening coefficients, respectively, for the post-limit (k x p ) and ultimate (k x u ) stiffness, and F u is the ultimate capacity of the component. The proposed model was developed on the basis of experimental pull-out test data. Using the experimental F-δ slip data (obtained from pull-out testing of type HB), a tri-linear curve is used to simplify and idealise the inherently non-linear behaviour of the element. Fig. 11 presents the F-δ slip data of type HB (for each parameter category), alongside regression analysis with respect to the piecewise three segment linear model. Each parameter category (e.g. HB16-100-8.8-C40) represents the group of repeated pull-out tests whose specimen index was identical in terms of design parameters.
The complete data input for the model is outlined in Table 3 (a), where the quantitative values for k norm e , µ p , µ u and the correspondent force ranges have been determined from the normalizedidealized force-slip charts (Fig. 11) . In brief, the model solutions simply require an input for F u for their calculations. The model indexes display the geometrical, mechanical and material properties for appropriate selection in their use. The proposed model varies the strength of the concrete applied to the tube, as well as the size and class of the internal bolt. The tri-linear idealization of the data is deemed as satisfactory in capturing the primary features in the response of the element.
Element 3 -mechanical anchorage model (k M )
The idealized, empirical model that is proposed to represent the force-slip (F-δ slip ) behaviour for the mechanical anchorage element of the EHB system is outlined in Table 3 (b), also determined in conjunction with Fig. 10 . Likewise with the model development of element 2 (k HB ), to simplify non-linear behaviour, a tri-linear curve fit was used in the idealization of the experimental F-δ slip relationship (obtained from pull-out testing of type M). Fig. 12 presents the normalised test data and the idealised element models. The proposed model varies the strength of the concrete infill, the size and class of the internal bolt, and the embedded depth.
Proposed EHB component method model (k EHB )
It has been stated that three elements contribute to the global deformability curve of the EHB anchored blind-bolt component: namely, the internal bolt, expanding sleeves, and mechanical anchorage. This section proposes an assembly procedure for these constitutive elements in view of estimating the global force-displacement (F-δ global ) behaviour of the EHB component.
It is proposed to estimate the monotonic tensile response of the EHB component with the use of a massless spring model, formed as shown in Fig. 13 . Each spring is characterised by a multilinear force-displacement relationship (see Section 3.1 to 3.3) and the arrangement of the springs was developed based on experimental observations. The model approximates the behaviour of the component by placing the expanding sleeves (k HB ) and mechanical anchorage (k M ) elements in a parallel arrangement, while in series with the internal bolt elongation (k b ) element.
The effective spring constant k EHB is determined on the foundation of basic spring models. This process is described as having first to express an effective spring for those in parallel (i.e. for k HB and k M ) and then to assemble the combination of the effective parallel spring with that of k b in series. To illustrate the basic spring formulations, equivalent spring models for parallel and serial configurations are schematically shown in Fig. 14 . When the elements are arranged in a parallel configuration, the resulting properties of the assembly can be obtained from the following equations.
For elements in serial configuration, the following formulas apply,
where k is the stiffness and δ Cd is the deformation capacity. By extending the above formulation for springs with tri and tetra-linear characteristics, the EHB component method model is calculated accordingly.
Pull-out tests demonstrated that ultimately, the EHB component can develop the full tensile capacity of its internal bolt, exhibiting an ultimate failure mode due to the fracture of its shank (Pitrakkos and Tizani 2013) . For the tested geometry, this suggests that the ultimate strength of the component model (designated F u ) should be taken as equal with the ultimate strength of the internal bolt, and by no means should the component method model allow for such force levels to be exceeded. This is achieved by imposing the proposed spring arrangement (Fig. 13) which involves k b in a serial configuration. With k b being positioned in series, it is ensured that the ultimate (and yield) capacity of the internal bolt is captured in the prediction of the component's F-δ global behaviour. A theoretical expression that can be used to estimate the ultimate strength of the EHB is outlined in Eq. (8), with the resistance function representing a steel failure, where f ub is the bolt ultimate stress and A s is the bolt tensile stress area.
For demonstration purposes, an assembled EHB component method model is graphed together with the characteristics of its individual elements in Fig. 15 , utilizing the proposed models on the basis of estimating the experimental F-δ global behaviour of the pull-out test specimen with index EHB16-150-8.8D-C40-2. By re-arranging the index in the form of EHB16-5.3d b -8.8-C37, it is recognised that for k b the suitable model would be that of M16 class 8.8 while using batch D properties, for k HB the index of the model would equate with HB16-8.8-C37, and for k M the required model index would be M16-8.8-C37-5.3d b . The model behaviour presented in Fig. 15 was determined on the basis of these indexes and it is shown that the equivalent spring model results in a multi-linear (five piece segment) F-δ global relationship following the assembly of its constitutive elements.
Comparison of component method model with test results
The component method model predictions are compared graphically with experimental global force-displacement curves in Fig. 16 for the full EHB component, covering the studied variables. The experimental data was obtained from pull-out tests that were conducted on type EHB (see Table 1 ). For validation purposes, and to quantify the goodness of fit for the EHB component method models, regression analysis including the 95% prediction band is included in Fig. 16 . The analysis runs up to the deformation capacity of the models, with the charts of Fig. 16 graphing the analysis related to the use of: various bolt batches at benchmark behaviour in charts (a) to (c), a C60 concrete mix in (d), class 10.9 bolts in (e), a larger bolt diameter in (f), and the use of varying embedded depths in (g) and (h).
A penta-linear F-δ global behaviour is consistently predicted for the component within the range covered by the investigated parameters; capturing with good agreement the initial, post-limit and ultimate stiffness response. The suggested levels of pre-load forces are found to represent with fair accuracy the initial behaviour of the component for bolts of class 8.8 and of 10.9. Overall, the model predictions follow the yielding trend of the test data. Using least squares, R 2 values are also reported among the aforementioned charts, with values close to 1 being found; demonstrating a good fit for the component method models.
The term prediction band refers to the region of uncertainties in predicting the response for a single additional observation at each point within a range of independent variable values. It is computed with respect to a desired confidence level p, whose value is typically chosen to be 95%, and is represented by two curves lying on opposite sides of the fit. In other words, the prediction band shows the scatter of the data. If many more data points were collected, it is expected that 95% will fall within the prediction band (Motulsky and Christopoulos 2004). For the F-δ global behaviour in this case, the prediction band is the interval of force values, for a given global displacement value, within which 95% of all experimental points in a series of repeated measurements are expected to fall. This suggests, the narrower the interval, the better the predictive nature of the model. It is concluded that at the 95% prediction band level, the EHB component method model predicts with sufficient accuracy the experimental data, taking into account different bolt batches and varying parameters such as concrete strength, bolt class, bolt diameter, and embedded depth. The narrowest prediction band is found to be that of which involves benchmark behaviour (chart c), whereas that possessing the widest band is found to be that of which involves internal bolts of class 10.9 (chart e).
Influence of excluding pre-load effects
To investigate the influence of excluding the initial level of pre-load forces, the effective stiffness of the proposed EHB component method model (previously shown in Fig. 13 ) is determined by modifying element 1 -the tension bolt model, k b . The internal bolt model k b is modified by transforming the tetra-linear model into a tri-linear model, simply exclusive of its first pre-loading segment (Fig. 17) .
In Fig. 18 , the global predictions of the EHB component method model, inclusive and exclusive of pre-load effects, are graphed together with relevant experimental data to highlight the effect on the accuracy of the model. The plot emphasizes the significance of including pre-load forces into the assembly procedure; when pre-load effects are excluded, the component method model underestimates the initial and thus also the post-limit stiffness region. It is therefore recommended that pre-load forces are incorporated into the assembly of the proposed model.
Component ductility index
The overall behaviour of a structural joint is dictated by the behaviour of its single components. Consequently, the rotation capacity of a structural joint is bound by the deformation capacity of its single components. Therefore, before considering the available rotation capacity of a joint, the available deformation capacity of its components has to be established. It is the purpose of this section to define and classify the deformation capacity of the EHB system with respect to actual (experimental) global data.
In accordance with Kuhlmann et al. (1998) , joint components may be classified into three main groups in terms of their force-displacement behaviour:
(1) Components with high ductility, Fig. 19 (a) , (2) Components with limited ductility, Fig. 19 (b) , (3) Components with brittle failure, Fig. 19 (c) .
Components with high ductility present a force-deformation curve that changes from an initial carrying mode into a second carrying mode, which allows increasing deformation with increasing force. The deformation capacity of the component is very high or nearly unlimited, not imposing any bounds on the overall rotation ability of the joint. Components with limited ductility are characterised by a force-deformation curve that exhibits a limit point and a subsequent softening response. In this ductility class, the characteristic available deformation capacity of the component is defined as the deformation (δ Cd ) belonging to the point at which the force-deformation curves reach the level of the characteristic force (F y ) again. Brittle failure components behave linearly until failure, allowing very little deformation before their sudden collapse.
Based on the work by Kuhlmann et al. (1998) , Da Silva at al. (2002) proposed a component ductility classification system for joint components with endplate connections. The proposed classification system involves: (a) a component ductility index, denoted as λ in this paper, and (b) ductility limits for each component ductility class that was proposed by Kuhlmann et al. (1998) . The component ductility index, λ is determined by the ratio of component collapse to yield displacement, as expressed in Eq. (9).
And the ductility limits suggested by Da Silva et al. (2002) for the three component ductility classes are: Class 1: λ ≥ 20, for components with high ductility, Class 2: 3 ≤ λ < 20, for components with limited ductility, Class 3: λ < 3, for components with brittle failure.
In a qualitative way, the experimental, non-linear, global force-displacement curves of the EHB component indicate that the component exhibits limited ductility behaviour; justified by the observation of a limit point and subsequent softening with increasing deformation. But to quantitatively classify the EHB component in terms of ductility, in order to calculate its ductility index λ, it is first necessary to define the component yield (Δ y ) and collapse (Δ u ) displacement. Regarding Δ y , it is suggested that it is determined at the force level which equates with the elastic limit of the internal bolt of the component, denoted as F y and taken as 0.85F u for class 8.8, and 0.90F u for class 10.9 bolts. On the other hand, Δ u is determined at the point at which the forcedisplacement softening curve reaches the level of the force F y again. Fig. 20 demonstrates the derivation of typical EHB component yield and collapse displacement on its global experimental F-δ global curve.
Classification using global experimental curve
Using the full non-linear experimental F-δ global curve, an evaluation of the ductility indexes for the "EHB in tension" yields the result of Fig. 21 , with each index also being summarized in Table  4 alongside the EHB specimen indexes. Based on the ductility classification system suggested in Da Silva et al. (2002) for endplate connection components, it is found that the EHB component can be classified as Class 2 (with limited ductility).
The evaluation includes a variation in parameters related to: concrete strength, f cu ; internal bolt class, f ub ; internal bolt diameter size, d b ; and varying embedded depths, d emb . The largest index is exhibited by the component which involved a grade C60 concrete infill, and the lowest ductility index is seen in the case of using class 10.9 bolts. In consideration of over/under strength effects, the component's benchmark behaviour is investigated by means of using different bolt batches, shown by the first five specimens that are placed on the x-axis. The ductility classification of the component is found to be unaffected among these, demonstrating consistency in the results obtained. Overall, for the tested range, the achieved ductility indexes show that the EHB component is mostly related to the lower bound of the limited ductility class.
For a clearer interpretation of the influence that the varied parameters have on the ductility index of the EHB component, the determined indexes are presented in the form of ductility index charts in Fig. 22 . The format of the ductility index charts involve λ on the y-axis, and on the x-axis of the charts, it is the appropriate variable that represents the variation in parameter that is graphed (e.g. f cu for variation in compressive strength). The charts involve mean values on both axes, where the values along the x-axis were determined based on actual material properties that were involved in the pull-out testing of type EHB. An overall examination of Fig. 22 shows that:
(1) an increase in the compressive strength of the concrete infill results in a higher ductility index, but still falling within the boundary of the limited ductility class, Fig. 22 (a) ;
(2) when a variation in bolt class of 8.8 to 10.9 is considered, the ductility index of the component reduces with respect to the latter class, involving a transition from limited ductility towards brittle behaviour, Fig. 22 (b) ; (3) an increase in bolt diameter size results in a lower ductility index, but still falling within the boundary of the limited ductility class, Fig. 22 (c) .
Conclusions
Continuing research at the University of Nottingham has identified a moment transmitting configuration for bolted connections to tubular steel profiles. The bolted configuration comprises tubes that are filled with concrete, together with connections that utilise modified blind-bolts with headed anchors attached to their ends. It has been stated that the application of the componentbased approach to the design of the proposed connection technology is not possible. The method is limited due to insufficient knowledge of the behaviour of two basic joint components: 1) the "tube face in bending" and 2) the "bolt in tension". This paper has described a component method model for the response of the latter basic joint component, i.e. for the behaviour of the "bolt in tension" component.
The proposed bolt model deals with the prediction of the monotonic, global elastic-inelastic force-displacement curve of the connector, and is based on the response of the connector's individual sources of deformation. It includes provisions for: i) the elongation of its internal bolt shank with consideration of pre-load effects, ii) the slip of its expanding sleeves element, and iii) the slip of its headed anchorage element. The model was developed using the principles of the component method -applied in structural joint modelling -where the unknown mechanical properties of the component were characterised and further idealised in order to establish the constitutive models.
The validity of the model was assessed against experimental data with respect to the connector's response as a whole, and the model was found to provide reliable predictions for the considered range of parameters; with the model results satisfying the 95% prediction band. The degree of accuracy of the proposed model was found to heavily rely on the input of an appropriate model for its pre-loading condition. Therefore, the use of the idealised characteristics for the connector's constituent parts, combined with the procedure proposed for their assembly, demonstrates the successful application of the scientific component method for the studied joint component. The bolt model is thus considered suitable for use in component connection modelswithin the range of parameters covered -and it can be applied in a global mechanical model that is to predict the moment-rotation characteristics of the overall connection. (1)- (2)- (3)- (4)- (5): (1) 
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